A procedure for perfusion over the cortical surfaces of the cerebral hemispheres of monkeys (Macaca mulatta) was used in combination with a procedure for producing sudden, temporary circulatory arrest in one hemisphere while the carotid circulation to the other hemisphere remained intact. The underlying disturbance in brain metabolism subsequent to circulatory arrest for 60 minutes was reflected in part by a decrease in the concentration of sodium and an elevation in the concentration of potassium in the cortical cerebrospinal fluid (CSF) on the ischemic side. The changes occurred at or within 30 minutes of the onset of circulatory arrest. The concentration of chloride in the cortical CSF on the ischemic side did not show significant differences from the control values. The ischemic brain exhibited as much as 18% swelling of cortical gray matter and 16% swelling of subcortical white matter at 5 hours after reestablishment of the carotid circulation. Vascular injury pursuant to ischemia was reflected in a significantly increased permeability to ~3q-albumin entering the cortical CSF from the cerebral blood vessels. It is suggested that the CSF and vascular water are the sources of increased brain water.
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cortical eerebrospinal fluid circulatory arrest brain metabolism sodium brain water hemispheric potassium aa~I-albumin IGATION of the carotid artery has long been used as definitive surgery and as an adjunct in the surgical management of intracranial aneurysms? 6,17,1~,31,4~ There are numerous reports on various models of experimental vascular occlusion. 29, 37, 39 Yet the bulk of work has been concerned with the clinicopathological effects of carotid occlusion. 2,~,s'1~, 22, 32, 34, 38, 43, 4 . Only in recent years has emphasis turned to neurochemical, neurophysiological, and ultrastructural changes.
Our report describes changes in the concentrations and fluxes of several solutes in cortical cerebrospinal fluid (CSF) pursuant to sudden and prolonged circulatory arrest in monkeys (Macaca mulatta). Bradbury and Davson ~ and Cserr la have presented evidence that concentrations of potassium and probably other ions in extracellular fluid (ECF) equal or nearly equal the concentrations of these ions in the cisternal CSF. Whether ECF ion contents control the CSF ion contents at a distance from the choroid plexus or vice versa is unclear. Maintenance of differential distribution of ions between intracellular fluid (ICF) and ECF requires a constant source of energy. When circulating oxygenated blood is suddenly cut off, energy metabolism is impaired. ~3, 44 An excellent opportunity is afforded, during an ischemic insuit, to study in the overlying cortical CSF ions and other solutes which may reflect in part the ongoing disturbance in the underlying brain. These considerations prompted us to develop a procedure for unilateral reversible carotid occlusion in conjunction with bilateral perfusion of isolated areas of the convexities of the hemispheres. With such preparations, we have investigated the concentrations of sodium (Na), potassium (K), and chloride (C1) in cortical CSF and the vascular permeability to 131I albumin before, during, and after onset of ischemia.
Materials and Methods
Four monkeys (Macaca mulatta), weighing 5 to 7 kg each, were anesthetized with intramuscularly administered brevital (Methohexital, Lilly) 20 mg per kilogram of body weight and maintained at the level of suppressed corneal reflex with intravenously administered pentothal sodium (Sodium Thiopental, Abbott). Two PE 240 catheters attached to a slow drip (30 ml per hour) of Ringers-lactate solution and to an arterial Statham pressure transducer (Gilson Recorder) were inserted into one femoral vein and artery respectively. Spontaneous respirations were permitted through a tracheostomy tube. Each animal was placed in a stereotaxic headholder, and EEG needle electrodes were inserted in the frontal, temporal, and parietal regions of the skull.
Retroorbital Dissection
After preliminary recordings of EEG (Grass Instrument) and after taking arterial blood samples for blood gas analysis (Instrumentation Laboratory, IL 113) and osmolarity (Precision Systems, Osmette), retroorbital dissection was begun. The lateral aspect and roof of the left orbit were removed to provide exposure of the left intracranial internal carotid and posterior communicating arteries and the proximal portion of the left posterior cerebral artery. With aid of the dissection microscope (Zeiss) the posterior cerebral artery was dissected free of its investing arachnoid and ligated with a clip (Weck) in its proximal portion (Fig. 1 ) .
In each of our monkeys there was only one anterior cerebral artery above the cistern of the chiasma (Fig. 1) . The right and left A1 portions of the respective anterior cerebral arteries joined just distal to the anterior communicating artery and branched to either side as it continued along the contour of the lamina terminalis, genu, body, and splenium of the corpus callosum. Thus, the A1 portion of the right anterior cerebral artery was clipped instead of the anterior communicating artery through an exposure on the right side similar to that described above on the left side ( tion through the dura was eliminated by ligating both external carotid arteries approximately 1 cm above the bifurcation of the common carotid artery. A free tie was passed around the left common carotid artery 2 to 3 cm below the bifurcation of that artery for ease of location and for quick occlusion and removal of the occluding clamp.
Perfusion System
Bilateral oval-shaped fronto-parieto-temporal craniectomies (5 X 2.5 cm) were performed 1.5 to 2 cm from the midline. Two specially designed peffusion ports (2.25 in.
18-gauge threaded cannulae fitted with welded stainless steel footplates with dimensions 0.187 X 0.074 X 0.019 in.)* were carefully inserted on each side through the dura with care to avoid contact with the underlying cortex. Invariably, CSF escaped when the dura was incised. The toe of the footplate was inserted and a twist of the port completed the insertion. A nut was screwed down the threaded port to seal the dura at the small incision site against the heel and toe of the port. The ports were firmly raised and fixed with nuts to a fenestrated flexible stainless steel brace bridging the craniectomy sites. A fifth port was inserted through the atlantooccipital membrane into the cisterna magna to serve as a "pop-off" valve to prevent buildup of pressure and the mixing of CSF with the perfusate. Each anterior port was connected by PE 160 tubing to a T-tube which was fixed on a collection rack, and each posterior port was attached to a 50 ml * Perfusion ports were designed and constructed by Mr. George A. Simon, Biomedical Engineering and Instrumentation Branch, National Institutes of Health, Bethesda, Maryland, syringe mounted on a Harvard Pump set to deliver 0.077 ml per min. Upon completion of the dissection, the perfusion model delivered to each side approximately 2 gm of perfusate by weight per 30 min. Arterial pressures were 80 to 140 (systolic) and 40 to 78 (diastolic) mm Hg (Table 1 ) , and the EEG recordings ( Fig. 2 ) were similar to preoperative records. Each animal was then placed in a plastic bag to maintain constant temperature and to prevent spillage of radioactive blood and urine. A complete description of the perfusion model and its properties is given elsewhere. 3~
Perfusate
Artificial CSF contained NaC1, 122 mM; NaHCO3, 22 mM; CaC12, 2 mM; KHzPO,, 1.2 mM; KC1, 1.3 mM; MgSO4, 2 mM; and dextrose, 4 mM. The pH was adjusted to 7.35 by bubbling in 100% COs. Final osmolarity was 300 mOsm per liter. (specific radioactivity 25 ~Ci per mg, RISA-H, Abbott) were injected intra-arterially. Maximum specificity of the a3~I label was achieved by passing the desired volume of labeled albumin through a Dowex 1-X8 (mesh 50-100) column, precharged with 1 N Ha and buffered to pH 7.4. Less than 1% free iodine remained in the effluent.
Analytical Methods
Na and K were determined by emission flame photometry in the presence of a Li internal standard.' Chloride was determined by amperometric titration. 11 Counting and analysis of samples for z31I albumin were carried out as previously described. 3~ Edema of tissue sample was quantified by determination of dry weights as originally described by Elliott and Jasper. ~
Procedure
After the fourth or fifth 30-min sample collection period, the left common carotid artery was suddenly occluded for 60 min. Evidence for effective, sudden circulatory arrest developed within 10 to 20 sec of an isoelectric pattern in the EEG. The EEG pattern on the control side showed no change or only transient slowing for several minutes (Fig. 2) .
Results

Sodium
The concentration of sodium (Na) in the inflow perfusate was determined to be 149. (Table 2) . For all controls (n---20) the mean Na concentration was 150.04 • 0.27 mM.
If the assumption is made that the volume of effluent perfusate plus the volume absorbed by the tissues and lost to bulk flow are equal to the influent volume and that the effluent contains the same concentration as the fluid absorbed, then the net ion flux can be determined by n = (Vo + V~)So -ViSi,
where n is net ion flux (/Jmoles per l~l); Vi and Vo are inflow and outflow rates respectively; Si and So are inflow and outflow ion concentrations respectively; and Va is the bulk absorption rate (~1 per min). TM Under these conditions, the net flux rate for Na entering cortical CSF from the brain for the five preliminary control and experimental periods (n = 10) was 3. Table 2 ). Sodium concentrations appeared to decline in the second 30-min period following the placement of the clamp on the carotid artery aid differed significantly from controls for the remaining periods of the experiment ( Fig. 3 and Table 2 ). The net flux rate of Na underwent a reversal in the direction from that in control periods and increasingly in the direction of the brain for seven 30-min periods before a slight rise developed.
[Na] fell significantly (p < 0.001 ) to a low of 147.37 • 0.89 mM or a peak mean flux rate into the cortex of 16.40 X 10-'-' t~moles per min. Mean influx rate for the remaining 4.5 hours after the second ischemic period was significantly (p< 0.001 ) increased to 11.69 X 10 -2 ~,~moles per min or in absolute values, cortical influx increased by nearly 4 times the control values.
Potassium
The mean concentration (• of potassium [K] in the artificial CSF used to perfuse the isolated cortical surface of each hemisphere was 2.592 • 0.03 raM. Mean values for the effluent for each period (n = 3) varied in five preliminary and remaining control periods between 2.577 • 0.02 and 2.627 • 0.02 mM (Table 3) higher, so that [K] started another increase and appeared to be continuing to rise at the end of the experiment. The overall mean for the experimental values of 2.834 • 0.074 mM differed significantly (p < 0.001) from the overall mean for control values of 2.602 • 0.01 mM.
Using Equation ( 1 ) and its accompanying assumptions already discussed, we estimated the net flux of K. In the controls, the K § effluxed into cortical CSF at a mean net rate of 0.77 nmoles per min, and the coefficient of permeability was 7.7 X 10 -2 nmoles per min per square centimeter. Experimental values 3.25 - for net efflux of K into cortical CSF increased to a mean of 18.63 nmoles per min (p < 0.001), or an increased efflux of more than 20 fold over control values.
Chloride
The data for chloride were interesting, since [C1] in the effluent perfusate from the experimental hemisphere was not significantly different from that for the control periods ( Fig. 5 and Table 4 
Vascular Permeability
The effluent perfusate in Monkeys 1 and 4 of this group was counted for 131I albumin radioactivity (Tables 4 and 5 ). Samples TABLE 4 Chloride concentration (mM) from only one of these animals were also analyzed for electrolytes. The flux rate of albumin from blood into the peffusate can be calculated if it is assumed: 1) that the specific radioactivity of ~3zI albumin entering the perfusate during a given period is equal to that in the serum during the same collecting period; 2) that plasma is the only source of cortical CSF albumin; and 3) that the serum concentration of albumin is constant. Then the following relationship will obtain: P X Bp • E X 42 mg per ml A= , (2) S • where A is the flux rate of albumin, (l~g per min); P and S are activities (y, Ci per ml) in the effluent perfusate and serum respectively; Bp and Bs are percentages of bound albumin in perfusate and serum respectively; and E is the outflow rate (ml per min). The term, 42 mg per milliliter, is the mean calculation of albumin found in monkey serum by Turbyfill, et al? 2 Under the foregoing assumption, flux rates for albumin were 1.64 • 0.89 (mean • S.E.M.) ~g per min (n = I7) and 1.52 • 0.05 ~tg per min (n = 17) in control samples from Monkeys 1 and 4 respectively (difference not statistically significant; Table  5 ). The corresponding coefficients of permeability (Cutler, et al. 15) Although radioactivity in the perfusate rose in the initial period following occlusion of the common carotid artery (Table 5) , the relatively high percentage of unbound 1~1I was sufficient to account for this variation. The ~31I bound to albumin tended to remain near the control values. The high radioactivity attributable to free 13~I may reflect acidosis of tissues and stagnated blood. After removal of the clamp occluding the carotid artery, the radioactivity in the perfusate continued to rise with an increasing percentage represented as label bound to albumin. Figure 7 illustrates the continuous rapid rise in comparison to a rapid rise and sudden drop in Fig. 6 . In the latter case we attributed the fall in flux rate to rapid brain swelling and partial compromise of perfusion surface. However, after the dura was further elevated the radioactivity in effluent perfusate started to rise again. While the graphic pattern of albumin flux rate differed in the experimental hemispheres, the peak efflux rates were 20.93 and 17.70 ~g per min respectively. The latter result appears to represent albumin efflux from ischemic-damaged vessels in the absence of herniation and associated obstruction to blood flow (Fig. 7) . where W1 and W2 are control and experimental values for percentages of solid respectively. By the formula above the values for swelling of gray and white matter were 16% and 18%, and 13% and 14% respectively (Table 6 ).
Discussion
Cerebral metabolic derangements that develop consequent to ischemic cerebral anoxia lead to complex neurochemical and functional changes. Conditions that influence recovery or irreversibility of these changes are not completely known. Yet progress is being made in this area. It is generally accepted that adenosine triphosphate (ATP) is the major source of energy for maintenance of cerebral metabolism. The rapid decrease in the energy source in dog brain following the onset of ischemia has been clearly shown by Kramer, et el., zS and Woodhall, et al. 4~ There was a 50% decrease from the control values for ATP within 3.8 rain following the onset of circulatory arrest. Birnberger and Eliasson 2 demonstrated an identical reduction in cortical gray matter triphosphoinositides (TPI) 3 rain after the onset of ischemia. Van Harreveld and Ochs ~3 showed a vise in impedence with a latency of 2 min 9 have demonstrated gross and electron microscopic evidence of obstruction to cerebral blood perfusion following 5 min or more of brain ischemia in rabbits. Their electron microscopic findings include collapsed capillaries associated with perivascular glial swelling, and "bleb" formation in small vessels. Presumably these findings are related to the Jrreversibility of ischemic pathology.
Our present study reveals several changes in cortical CSF following the onset of ischemic anoxia. These alterations include changes in Na and K, in vascular permeability to albumin, and in brain water. The changes we observed reflect metabolic derangements in areas of brain that have been denied a blood supply for 60 to 65 rain.
After an ischemic insult of 1 hour, sodium influx from CSF into brain gradually increased to fivefold in the reverse direction from control values at 3.5 hours after circulation was reestablished. This finding suggests that after significant impairment of the metabolic "machinery ''23 the sodium in cortical CSF is free to diffuse passively from the CSF site of higher concentration to the brain tissue site of lower concentration. If the Na in cortical CSF is similar to the Na in the extracellular fluid, ls,25 we may infer that there is at least one other compartment (presumably intracellular) for Na + which has a lesser [Na] than the extracellular fluid or cortical CSF. Under the same conditions for [K] in cortical CSF and extracellular fluid and with passive diffusion operational, the higher K in the intracellular compartment ~~ provides the source for the efflux of K + into cortical CSF.
Lack of significant change in [C1] following the onset of ischemia may reflect the lack of any net [CI] difference between the cortical CSF and various chloride compartments? ,~1 Presumably for each equivalent of C1-that is taken up by the ischemic brain, an equivalent of water is taken also.
That cerebral edema does indeed occur after periods of ischemic anoxia, producing irreversible changes, is evident from our data. Cerebral edema resulting from ischemia, like the changes in cortical CSF, Na and K, and from the increased vascular per-meability is a part of or a stage in the pathological development of altered cerebral metabolism in ischemia. Whether the increased brain water is intracellular or extracellular cannot be ascertained from our data. However, we suggest that increased brain uptake of water in ischemic pathology may have at least two sources: 1 ) the CSF, since it is possible to account for the Na § and K § movements in ischemic pathology on the basis ef passive diffusion and thus to expect equivalents of water to accompany them; and 2) increased deposition of vascular proteins and other solutes that osmotically promote influx of fluid from CSF and blood. Both vasogenic and cytotoxic effects of ischemia contribute to increased water uptake. 26 Our values of percentage of swelling in vivo are comparable to those found in vitro consequent to careful preparation of cortical slices. 5,~G,3~
Previous reporters have agreed that edema secondary to handling and preparation is related to ischemia. Upon gross inspection of coronal sections of our preparation, brain edema was evident by the relative increase in volume of white matter and basal ganglia, and the reduction in the size of the left lateral ventricle in comparison to the magnitude of these same structures of the right control hemisphere (Fig. 8) . There is no doubt that the ischemic brain imbibes water. However, further studies are needed to determine where neurochemical, ultrastructural, and neurophysiological irreversibility begins and how pharmacological agents may enhance reversibility in clinical situations.
In the lesion studied here, the mechanism responsible for the increased vascular permeability to albumin is not known. Raimondi, et al., ~ and Clawson, et al., 1~ have suggested an accelerated pinocytosis under pathological conditions. Brightman, et al., s have found in "certain pathological conditions" of severe injury that peroxidase as a tracer protein "spreads readily" into the surrounding tissue. They have suggested intercellular penetration or protein movement through injured endothelial cells.
Summary
The effects of 60 min of reversible cerebral circulatory arrest include irreversible changes in cortical CSF Na, K, C1, vascular permeability to 1311 albumin, and brain water during the period of ischemia and over 4.5 hours of recovery. Cortical CSF Na decreased significantly, reflecting a relatively rapid influx of Na from CSF into brain tissue; K increased significantly, reflecting a 20-fold greater efltux from tissue to CSF; CI showed no significant change. Flux of 131I albumin from the blood to the CSF increased to a mean of more than 5 times the control rates. Cortical gray matter exhibited swelling of 16% to 18%; and white matter, 13% to 14%, after 4.5 to 5.5 hours of reestablished circulation.
